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Abstract
Numerous factors play a role in the development and maintenance of North Atlantic tropical
cyclones as they originate and cross the Main Development Region. These factors include seasurface temperatures (SSTs), relative humidity, vertical wind shear, etc. One key player in many of
these factors is the Saharan Air Layer (SAL) which has been a source for study for nearly five
decades.
The interplay between dust loading within the SAL and the development of African Easterly
Waves (AEWs) has been repeatedly noted in many of the studies in this field. The cumulative
indirect effect of the dust on AEWs however remains unknown (Evan et al., 2006a). On a case by
case basis, the SAL has been shown to negatively influence the development of AEWs, i.e.
entrainment of dry air into the low to mid-levels, enhanced vertical wind shear and suppression of
convection within the storm (Dunion & Velden, 2004). Positive influences on AEW development
have also been attributed to the SAL, namely its enhancement of the African Easterly Jet (AEJ)
which in turn helps produce positive vorticity along its southern edge that AEWs tap into for energy
(Karyampudi & Pierce, 2002).
Further study is indeed warranted to try to fully understand whether or not the SAL has a
positive or negative influence on the development of AEWs. A polarized view may be inadequate, as
the SAL’s role could very well be positive, negative or somewhere in between depending on the
storm characteristics and environmental conditions present at that unique time.
This study looked into the role dust loading has on the mixing between the SAL and the
moist marine boundary layer directly beneath the base of the SAL, which can range from 500 –
1500m and revealed a dynamic and varying relationship. It also demonstrated, through a decrease
v

in cloud top temperatures, that dust levels are associated with the convective strength of AEWs by
acting as cloud condensation nuclei (CCNs). However this association can be nullified through other
parameters unique to each individual storm; SSTs, vertical wind shear, dry-air entrainment, etc.
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1.0 Introduction
The North Atlantic tropical cyclone (TC) basin, which includes the North Atlantic Ocean,
Caribbean Sea, and Gulf of Mexico sees on average 11.3 named storms per year, 6.2 of which
develop into hurricanes, with 2.3 reaching major hurricane status (Category 3 or higher)(National
Hurricane Center, 2009). The majority of North Atlantic TCs form in the main development region
(MDR) defined by Saunders and Harris (1997) as being between ~10ᵒN and 20ᵒN, and from 20ᵒW
to 60ᵒW, stretching from the African west coast to the Lesser Antilles. This region sees the majority
of North Atlantic TCs originate from Africa. Commonly known as African easterly waves (AEWs),
these tropical disturbances traverse the MDR and account for ~60% of all North Atlantic tropical
storms, with ~85% of all major North Atlantic TCs originating from this region (Goldenberg &
Shapiro, 1996; Landsea, 1993).
The general movement of these systems, largely due to atmospheric steering currents, is to
the west and west-northwest toward the Caribbean island nations, Central America, and curving
north up the east coast of the United States or into the Gulf of Mexico. The threat of impact from
North Atlantic TCs originating from the MDR has been demonstrated on numerous occasions over
the decades with notable historical impacts including Camille (1969), Mitch (1998), and Katrina
(2005). Due to the increased populations and economic development in these regions, it is
incredibly important to gather a better understanding of the dynamics that play key roles in TC
development over the MDR. A better understanding of these dynamics will allow for increased
forecast accuracy, and improved warning time for residents to prepare themselves for a potential
landfall.
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Several key factors play a role in the climatic variability of TC activity and movement over
the North Atlantic including: the Atlantic Multidecadal Oscillation (AMO), El Niño Southern
Oscillation (ENSO), and the Madden-Julian Oscillation (MJO); which affect factors such as total
precipitable water (TPW), sea-surface temperatures (SST), and vertical wind shear. TCs across the
globe, including those in the MDR, have general requirements to develop, and the aforementioned
factors affect these requirements in some form or another. These requirements for TC development
include: warm SSTs above ~26ᵒC, low vertical wind shear, moist air in the low- to mid-levels of the
atmosphere, and a pre-existing cyclonic vorticity signature to help spin up the convective cluster
(Goldenberg et al., 2001; Gray, 1979; Maloney & Hartmann, 2000; Landsea et al., 1998).
Over the MDR of the North Atlantic, tropical disturbances are generally defined as a cluster
of convective thunderstorms. Although warm SSTs, high relative humidity, low vertical wind shear,
and convective thunderstorms may be present, an initial convergence is needed to initialize a
cyclonic flow around a low pressure center. This has been cited as the spark needed to form a TC
(Emanuel, 1991).
However, one major factor not yet mentioned that periodically overspreads the MDR
throughout the summer and early fall is the SAL. As will be mentioned in the forthcoming sections,
the Saharan Air Layer (SAL) has been found to affect numerous variables in TC development, i.e.
vertical wind shear, relative humidity and TPW, static stability, cyclonic vorticity signatures, and
possibly even convective updrafts.
1.1 Hurricane Threat
Increases in coastal populations over the last several decades along the Gulf of Mexico and
U.S. East Coast has brought a greater need for accurate TC forecasts, and the need for further
research on North Atlantic TCs. There has been a vested interest by insurance companies,
emergency management officials, government representatives, and other stakeholders in this
region to gain longer lead times in forecasts in order to better prepare for impacts. High impacts
2

from TCs such as Andrew, Katrina, and Sandy over the last 25 years have put a huge burden on
insurance agencies, causing huge losses. After the hyper-active years of 2004 and 2005, many home
insurance agencies left the Gulf region for fear of further losses in the future. The Gulf Coast region
was seen as too high a risk after $150 billion in damage in just these two years alone (Pielke et al.,
2008). Although there has not been an evident increase in TC landfalls since the beginning of the
20th century, there has been a large increase in damage in dollars over the same time due to the
increased development along the coast putting more property at risk. With further development
more than likely to occur over the coming decades and increasing dangers from climate change,
there is a clear need for further research on North Atlantic TCs.
1.2 The North Atlantic Tropical Region
Compared with the mid-latitudes and polar regions, the tropics are characterized by high
levels of humidity, high solar angles that heat the region substantially year round, and a relative
lack of substantial horizontal temperature gradients providing for a barotropic environment. There
can be significant pressure gradients, providing for barotropic instability which drives convective
forces within this region.
The tropics are generally defined as being between the equator and 30ᵒN. Atmospheric flow
over the tropics follows the Hadley Cell model. The Hadley Cell is one of three global scale
circulation cells, and stretches from the equator to ~30ᵒN. The Hadley Cell interacts with the Ferrell
Cell in the mid-latitudes and is defined by low level equatorward flow, with moist tropical air
converging from both the Northern and Southern Hemispheres at the Intertropical Convergence
Zone (ITCZ). Here, solar heating, coupled with converging northeasterly and southeasterly winds
causes air to convect upward creating a band of thunderstorms around the globe known as the
ITCZ. From here the air rises toward the upper bounds of the troposphere and flows back toward
the poles. Eventually this air cools and sinks, adiabatically warming near 30ᵒN. This region of
sinking is known as the Horse Latitudes where most of the globes desert regions are located.
3

The Coriolis force is another important component of TC formation and arises from the
Earth’s rotation causing an air parcel to turn to the right as it moves meridionally. This force allows
for air to move in a cyclonic fashion as it is brought in towards the center of a low pressure system
due to the pressure-gradient force. Due to the nature of the Coriolis force, easterly trade winds arise
near the equator and westerlies near the horse latitudes. These large scale flow patterns combine to
form an anti-cyclonic circulation over oceanic basins, setting up stationary highs that form the
general steering flow of TCs over the North Atlantic, with developing systems moving westward,
eventually turning north and to the northeast upon reaching the mid-latitudes. The easterlies
strengthen over Africa during the summer due to large north-south temperature gradients between
the hot Sahara Desert and cooler rainy regions of Sub-Saharan Africa. Thermal wind balance
arguments dictate that these meridional temperature gradients will support the existence of a midlevel easterly jet (Carlson & Prospero 1972). Instabilities in this jet provide an active breeding
ground for tropical waves emanating from West Africa during the summer months.
The tropical North Atlantic is also defined by two other large water bodies, the Caribbean
Sea and Gulf of Mexico. These two sub-oceans are regularly impacted by tropical disturbances that
form in the MDR and also act as their own breeding grounds for TCs in the North Atlantic basin.
Once storms enter the Gulf of Mexico or Caribbean, there is an almost guaranteed chance of a
landfall. Mountainous islands within this region also have a strong impact on passing systems,
helping to weaken circulation and strength of a storm. The mountains act as blockades and
interrupt the circular, inward flow of the storm. The warm waters and loop current within the Gulf
during the later summer months also provide a substantial fuel source for storms entering the
region to strengthen before landfall, provided other environmental conditions such as wind shear
and relative humidity are conducive for strengthening as well.
Environmental conditions over the tropical North Atlantic are also highly affected by
oceanic circulation patterns. The North Atlantic Ocean gyre is an anti-cyclonic flow of surface ocean
4

waters. The Gulf Stream consists of warm waters in the West Atlantic flowing up and along the U.S.
East Coast, curving out towards the Azores and Europe. As the Gulf Stream moves north, the water
cools. The waters in the East Atlantic are characterized by a southerly flow along the West African
Coast, with much cooler SSTs being advected from north to south. These cooler SSTs are not
conducive for the genesis of a TC. As the flow of the gyre returns to the equator, SSTs rise once
again eventually heating up enough for the development of a TC.
1.3 Tropical Cyclone Lifecycle
The lifecycle of a TC begins with a cluster or ‘blob’ of thunderstorms that form an area of
low pressure. When located poleward of ~5ᵒN, the cluster is affected by the Coriolis Force and can
more readily develop a cyclonic spin. As the low pressure forms and deep convective
thunderstorms begin to develop, a warm-core starts to form near the center of the tropical cluster
or tropical wave at ~100-600 hPa. Inside this core, low-level wind speeds increase due to
conservation of angular momentum.
With increased wind speeds comes increased evaporation from the ocean, increasing the
amount of latent heat release as the air rises and condenses within the core. Other forms of heat
release within the core include, sensible and dissipative heating which allows the core to maintain a
warmer temperature than the surrounding environment (Emanuel, 1988). As the heating increases,
it produces a positive feedback mechanism that increases the low-level inflow of tropical air,
increasing the wind speed, which in turn increases the amount of heat being generated within the
warm core. The increased flux of water vapor across the air-sea interface into the low-level inflow
allows for the specific humidity to be increased, in turn increasing the equivalent potential
temperature by 10ᵒ-15ᵒK adding to this loop (Wallace & Hobbs, 2006).
The tropical disturbance may eventually become organized enough with winds approaching
gale force. A tropical depression has formed when there is a closed low-level circulation found at
the center of low pressure. This is the first time the system exhibits a full circular wind field around
5

its core. Winds will be ~30 – 38 mph. Once winds reach 39 mph (34 knots, 17m s-1), a tropical
storm forms and it is assigned a name by the National Hurricane Center.
As the TC becomes better organized, convective bands will form around a central eye
feature. The eye is where the central warm-core of the system is located, where air rises and either
flows out anti-cyclonically in the upper-troposphere, or sinks within the eye producing adiabatic
heating within the eye (Emanuel, 1988). At this stage, when winds reach 74 mph (64 knots, 33m s1),

a hurricane has formed. The eye can be several miles in diameter, fluctuating in size during eye-

wall replacement cycles. These cycles see the inward movement of the eye wall, with a new outer
eye wall moving in to take its place. During this time, the new outer eye wall can actually produce a
weakening of the TC as it inhibits flow of moist tropical air to the inner eye wall (Black &
Willoughby, 1992).
During its mature stage, a TC will exhibit a well-defined eye with a central dense overcast
(CDO) of high outflowing cirrus. Underneath the CDO will be concentric rain bands that radiate
outward from the eye. In the marine boundary layer up to the mid-levels of the troposphere,
general inflow of moist tropical air along with high evaporation from a warm ocean fuel source will
maintain the strength of the TC.
As the system moves over land or poleward towards cooler waters, the system will no
longer be able to maintain its intensity. The lack of warm ocean waters and reduction in moisture
fluxes across the air-sea interface will weaken the warm-core of the TC and this will slow down the
influx of low-level air to the system, in turn weakening the winds. Surface friction with land will
also allow the inflow of air to fill in the system, decreasing the pressure gradient force and
decreasing winds. Many TCs will also undergo what is known as extra-tropical transition. During
this phase, the TC which once exhibited only tropical characteristics now begins to take on
characteristics of a cold-core mid-latitude cyclone.

6

The TC begins to encounter a baroclinic environment which causes the inner core to be less
symmetric. With increased wind shear from the mid-latitude westerlies and the loss of its
axisymmetric form, the cyclone’s wind-field begins to expand and decrease in strength (Jones et al.,
2003). Eventually frontogenesis begins to occur within the system, forming frontal boundaries.
Once a frontal boundary is evident, the system will then be defined as an extra-tropical system. The
warm-core is no longer the main driving force of the system, although winds can still be of
“hurricane strength”. At this time, these systems can be absorbed into a much larger mid-latitude
cyclone. Over the North Atlantic this transition usually takes place north of 35ᵒN and up towards
Canada over to Europe.
Another weakening mechanism occurs when a TC’s forward momentum is slow enough
allowing for upwelling of cooler waters beneath the ocean surface. A transfer of momentum in the
air-sea interface induces a cyclonic circulation within the upper ocean. The centrifugal force here
creates a radial outflow of warmer waters from the center of the cyclone, allowing for cooler waters
from beneath to upwell to the surface. During this time, a cyclone can actually weaken itself by
producing these upwelling events (Wallace & Hobbs, 2006).
Other factors including vertical wind shear and low to mid-level dry air intruding into the
cyclonic circulation can inhibit the development and/or strengthening of a TC. Vertical wind shear
can act to tilt the cyclonic axis in the core of the system (DeMaria, 1996). The vertical structure of
the central vortex must remain intact, or the structure of the TC could be compromised, disrupting
the low level inflow. Dry air intrusion can also act to suppress convection within the system by
promoting convectively-driven downdrafts in and around the storm (Dunion & Velden, 2004).
1.4 The Saharan Air Layer (SAL)
From the late spring to early fall, the MDR of the tropical North Atlantic is vastly influenced
by an extremely dry air mass known as the SAL. This air mass is characterized by a large
temperature inversion at its base and a high dust concentration with a base at ~500 – 1500m above
7

sea-level, and an upper extent of ~5500m (Carlson & Prospero, 1972; Diaz et al., 1976). The
aerosols originate as dust from the Saharan Desert and are blown up and over the cooler marine
boundary layer over the Eastern North Atlantic (Dunion & Velden, 2004). The SAL is warmer than
the marine boundary layer which allows it to move above the relatively cooler marine boundary
layer, creating a strong temperature inversion at the SAL’s base. The concentration of dust and
strong temperature gradient between the hot SAL and relatively cooler tropical region to the south
has been linked with the maintenance of the African Easterly Jet (AEJ) located on the southern
border of the SAL, with higher dust concentrations producing a stronger jet, see Figure 1
(Karyampudi & Carlson, 1988; Randall et al., 1984).

Figure 1: Depiction of the SAL interacting with other features over the tropical North Atlantic.

The SAL is able to maintain its warm, dry and dusty conditions due to the radiative
properties of the dust itself (Randall et al., 1984; Carlson & Benjamin, 1980). Carlson and Benjamin
(1980) showed that atmospheric dust leads to increased heating in the atmosphere, inducing a
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stabilizing effect on the temperature lapse rate. This is accomplished by the dust absorbing
incoming solar radiation and re-emitting it as long-wave radiation.
This stabilization effect can inhibit the growth and development of tropical waves moving
off the Cape Verde coast (Dunion & Velden, 2004). Dunion 2011 showed that the SAL sounding is
significantly more stable than the moist tropical sounding found in the North Atlantic. In fact,
stability parameters such as Convective Available Potential Energy (CAPE), Convective Inhibition,
and K index were 10% lower, 40% higher, and 40% lower respectively in the SAL. The study by
Dunion and Velden (2004) focused on case-studies of storms entraining dry air from the SAL,
suppressing convection within those systems. Their study also suggests that vertical wind shear
within the SAL inhibits tropical development, and that the SAL induces this wind shear by means of
its embedded mid-level easterly jet that is maintained by the strong temperature gradient between
it and the relatively cooler tropical air to its south.
Others have pointed out however, that the enhancement of the AEJ by the SAL produces
cyclonic potential vorticity to the south of the AEJ, which in turn provides energy needed for
tropical systems to develop. The presence of the SAL also increases the strength of convection
within the tropical equatorial region to the south of the Saharan Desert, helping lead to the
beginnings of tropical waves (Braun, 2010; Karyampudi & Carlson, 1988). A stronger temperature
gradient between the Saharan Desert and/or the SAL with the cooler tropical regions to the south
lead to a general sinking motion over/within the SAL and increased convection over tropical
regions and the southern boundary of the SAL. So with a stronger SAL comes increased convection
and precipitation over the tropical region, and increased likelihood of tropical development
(Karyampudi & Carlson, 1988). Karyampudi and Pierce (2002) also observed the SAL enhancing
baroclinic instability via the differences between the SAL air mass and the tropical air mass to its
south, much akin to a frontal boundary.
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Another enhancing effect the SAL has been suggested, yet undetermined, to have on
developing tropical systems is its addition of cloud condensation nuclei (CCN). CCNs are small
surfaces on which water vapor in the atmosphere is able to condense onto forming the foundation
of a water droplet. The amount of dust within the SAL provides an exuberant amount of CCNs for
developing tropical systems to feed off of. Studies have suggested that the dust acting as CCNs can
increase the intensity of developing tropical systems by enhancing the convection within these
systems (Khain et al., 2005; Jenkins et al., 2008). It is noted however that the change in cloud
microphysics induced by the dust and its effect on tropical development is not well understood
(Zipser et al., 2009).
However, why does increased CCN concentrations lead to increased convection within
developing tropical systems? The increased number of CCNs allows for the average size of water
droplets to decrease as the same amount of water is being spread out over a larger number of CCNs.
This is shown in Twohy et al. (2009) who measured cloud droplet concentrations in Eastern
Atlantic clouds where the SAL is located and compared them to cloud droplet concentrations over
the Caribbean Sea. Over the Eastern Atlantic and Caribbean, Twohy et al. (2009) found droplet
concentrations ranging from 50 to 500 cm-3 and 50 to 150 cm-3 respectively. This suggests that the
increased droplet concentrations are decreasing the mean droplet size, in turn suppressing
precipitation within tropical cumulus clouds (Rosenfeld et al., 2001). Twohy et al. (2009) also found
that dust aerosols could act as ice nuclei (IN) in mixed-phase clouds, increasing latent heat release.
This in turn could enhance convection within developing tropical systems. However the
enhancement or inhibition of convection has been shown to depend on other factors including
environmental conditions and the developmental stage of a storm (Khain et al., 2008).
1.5 SAL Image and Perception
The SAL has generally been recognized since the early 1970s when Carlson and Prospero
(1972) identified the defining characteristics of the SAL. These early studies produced the same
10

straight-forward conclusions widely cited in any SAL study since; a dry air mass pushing out from
Africa over the tropical North Atlantic between ~800 – 600 hPa, taking 5 – 6 days to cross the North
Atlantic and enter the Caribbean Sea. They also note the large amounts of Saharan dust that
precipitates down into the moist marine boundary layer beneath the SAL, as well as the high
potential temperatures within the SAL over 40ᵒC that suppresses any convection. The study also
notes that the SAL is often preceded by a tropical disturbance, where large dust concentrations can
occur immediately behind the tropical disturbance. Their study even mentions the ability of the SAL
to maintain its temperature inversion and other characteristics during its journey across the North
Atlantic, due mainly to the dust’s radiative properties, and briefly mentions a possible link between
the dust and cloud microphysics.
From this point, Karyampudi and Carlson (1988) produced a conceptual model to
reproduce the conceptual dynamics between the SAL, Saharan Desert, and tropical regions over
Africa. The models included inputs such as enhancing the SAL, altering the amount of surface
sensible heating in the Saharan Desert, and exploring the role of latent heating in the atmosphere,
as well as looking at the role of re-heating of the SAL through the emission of long-wave radiation
by the dust aerosols. The models from this study yielded results showing that the SAL plays an
integral part in the Hadley circulation over this region. An enhanced SAL brings increased
convection over the equatorial region, in turn releasing more latent heat driving the upward motion
in the tropics even more. The SAL’s strong temperature gradients along its southern and leading
boundaries were also shown to produce frontal type boundaries allowing a developing tropical
disturbance to intensify from strong baroclinicity in that area producing convection.
The findings from the Karyampudi and Carlson (1988) modeling on the role of the dust was
a bit more paradoxical. Their conclusions found that with more dust, the strength of the SAL and the
strength of the AEJ were sustained for longer periods of time. So according to the Karyampudi and
Carlson (1988) study, it would be intuitive to believe that with more dust there would be enhanced
11

convection over equatorial regions. However the study finds that with widespread dust outbreaks,
convection was suppressed equatorward of the AEJ. With more dust, there was more radiative
heating producing rising motion within the SAL, in turn leading to less rising motion over the
equatorial regions to the south. The authors go on to state that this description is more relevant to
the early summer months of June and July when SAL outbreaks are at their most intense.
Enhancements and maintenance of tropical disturbances via SAL interaction is more relevant
during the later summer months of August and September. On the whole, the study finds that the
presence of the Saharan Desert and SAL play crucial roles in the seeding and development of
tropical disturbances over the Eastern Atlantic.
Further studies including one by Karyampudi and Pierce (2002) looked into a couple of
instances where the SAL played roles in the development and enhancement of tropical disturbances
emanating from Africa. For two storms, Tropical Storm Ernesto (1994) and Hurricane Luis (1995),
Karyampudi and Pierce (2002) found that positive vorticity advection on the south side of the AEJ
coupled with divergence at upper levels contributed to the enhancement of the midlevel vortices
for each storm. In each case, the SAL was present to the north of the AEJ which contributed in
producing negative potential vorticity signatures to the north of the AEJ.
The Karyampudi and Pierce (2002) study also demonstrates the SAL having a negative
influence on the development of Hurricane Andrew (1992). During 1992, low Sahelian rainfall
contributing to a higher dust loading within the SAL. In this particular case study, the SAL’s
contributions are noted as negligible by not aiding the production of strong positive vorticity
advection south of the AEJ. It is also noted that the SAL was elongated and did not exhibit a strong
anti-cyclonic eddy north of the AEJ. This coupled with the broad flow of the AEJ kept the low-level
convergence and upper-level divergence within pre-Andrew rather weak. The authors again
showed that the SAL demonstrated a positive influence on the development of two storms, Ernesto
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(1994) and Luis (1995) via baroclinic instability and positive vorticity advection. They also
demonstrate the negative influence the SAL can have when it has high dust loadings.
Conversely, the SAL has been shown to also have a general negative influence on the
development of tropical waves, Dunion and Velden (2004) suggested that the SAL inhibits tropical
cyclonegenesis. Dunion and Velden (2004) utilized a case-study on several storms including Cindy
and Floyd (1999), Debby and Joyce (2000), and Chantal, Erin, and Felix (2001). In each instance, the
study showed that the when the storm is either adjacent or engulfed by the SAL, its strength is
either inhibited, or weakened. The three main reasons for negative influence produced by the study
were dry air intruding into the low to mid-level circulation of a developing TC; vertical wind shear
allowing the low level circulation to race ahead of the mid and upper level convection of the storm;
and the enhancement of the trade wind inversion which stabilizes the atmosphere inhibiting
convection.
The Dunion and Velden (2004) study brings to light something previous works by
Karyampudi and Pierce (2002) and Karyampudi and Carlson (1988) papers did not, dry air
intrusion into the TC. This is an important aspect to take note of as TCs are inherently dependent
upon a moist environment for development. On the other hand, the Dunion and Velden (2004)
study did not take the side that the SAL’s enhancement of the AEJ plays a positive influence on the
development of TCs. It instead pointed out that the enhancement of the mid-latitude jet produces
stronger vertical wind shear, having a negative influence on TC development. The study did
produce multiple cases where the direct interaction between the SAL and developing or already
developed TCs had a negative impact on the strength of those TCs. It can also be noted that this
study did not look into the interaction between the strength of the SAL and the development of
tropical disturbances while they were still over Africa whereas the studies by Karyampudi and
Carlson (1988) did.
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In each of the previous studies mentioned, case studies or modeling were used to explore
the interrelationship between the SAL and intensities of developing TCs. To look at this in a more
climatological view, Evan et al. (2006a) utilized satellite data from the Advanced Very High
Resolution Radiometer (AVHRR) to construct a monthly mean dust coverage dataset. This dataset
ranging from 1982 – 2004 was correlated with a dataset of “tropical cyclone days”. TC days as
defined by Evan et al. (2006a) as being the total number of days any named North Atlantic tropical
storm was present over the same region as the dust dataset. The findings of this study showed that
in 1983 and 1985 where there was high dust activity; there were a corresponding low number of
TC days. Alternatively during 1995 and 2004, TC activity increased along with a decrease in dust
activity. Overall the dataset exhibited a strong inverse correlation between dust activity and TC
days. The authors of the study go on to state that although the dust activity, which is a good
indication for the presence and strength of the SAL, can be a strong signal for TC activity over the
Eastern Atlantic, the dust itself is not a direct cause for this. Evan et al. (2006a) pointed out that
there is an indirect relationship between the dust and its inhibition of TC development which is not
well understood.
More recently, a paper by Braun (2010) attempted to bring the SAL back away from a
negative spotlight. Braun’s paper brings into question assumptions made by several papers
proposing negative impacts on tropical development by the SAL (Jones et al., 2007; Dunion &
Marron, 2008; Reale et al., 2009; Shu & Wu, 2009; Sun et al., 2008; Sun et al., 2009). One being that
dry air in the mid-latitudes is of SAL origin. Braun (2010) points out that in a study on Tropical
Storm Debby (2006) by Shu and Wu (2009), a pocket of dry air that was having a negative impact
on Debby was SAL air. Braun compares their data with the MODIS Aerosol Optical Depth product
which measures aerosol optical thickness and showed that this pocket of dry air was in fact dust
free, and not of Saharan origin. Braun also stated that the AEJ provides more positive influence than
negative influence on the development of TCs, and that it is not a sufficient source of vertical wind
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shear. It instead is a bigger player in the production of cyclonic vorticity south of the AEJ. In the end
the paper pointed out that the SAL should be considered one of many factors that play a role in the
development and intensification of TCs over the Eastern Atlantic.
A paper by Dunion (2011) called for a redefining of air masses that overlay the tropical
North Atlantic. Recent papers had recognized that the Jordan mean sounding may have
inadvertently sampled other air masses over the North Atlantic, affecting the findings of the Jordan
mean sounding (Dunion, 2008; Dunion, 2011). It was not accounting properly for all air mass types,
and Dunion (2011) puts a definition to three general air masses in this region of the world: Midlatitude dry air intrusions (MLDAI), SAL, and moist tropical (MT). The differences noted between
these are somewhat obvious with the MLDAI and SAL air masses being drier than MT. However the
difference between the MLDAI and the SAL is evident in the dust and aerosol content with the
MLDAI being generally clear. Also noted was the MLDAI having lower precipitable water values
than the SAL due to the SAL over-riding a moist marine boundary layer (Dunion, 2011). This is of
particular importance due to previous methods of detecting the SAL, i.e. GOES split window satellite
imagery that may have been detecting MLDAIs rather than the SAL (Braun, 2010).
1.6 Radiative Properties and Effects of SAL Dust
It has been previously noted that dust can help stabilize the atmosphere within the SAL,
allowing it to maintain its warm and dry characteristics as it crosses the North Atlantic. This is due
to the dust absorbing incoming solar radiation and re-emitting long-wave radiation at night,
reheating the SAL (Randall et al., 1984; Carlson & Benjamin, 1980). This maintains the strong
temperature inversion at the SALs base, which has been stated as the reason for suppressed
convection (Dunion & Velden, 2004).
It is also noted that the dust is consistently falling into the moist marine boundary layer
(Carlson & Prospero, 1972). Several have noted that the dust could be affecting cloud microphysics,
lessening precipitation efficiency and/or increasing convection (Rosenfeld et al., 2001; Khain et al.,
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2005; Jenkins et al., 2008). As mentioned earlier, Twohy et al. (2009) found that East Atlantic
clouds contained higher droplet concentrations than clouds in the Caribbean, with a range of 50 –
500 cm-3 and 50 – 150 cm-3 respectively. This demonstrated that the dust within the SAL is indeed
acting as CCN within Eastern Atlantic clouds and could possibly increase convection within these
clouds by decreasing the mean droplet size. Twohy et al. (2009) also sampled clouds within the
moist marine boundary layer beneath the SAL, and found cloud residuals that contained large
amounts of dust, 14% - 54%, much higher than in other regions (Twohy & Anderson, 2008). Twohy
et al. (2009) also state that this suggests that high amounts of dust are precipitating into the marine
boundary layer.
Khain et al. (2005) showed that in maritime clouds, additional CCNs increase convective
updrafts, cloud top height and cloud lifetime. Aerosols that act not only as CCNs, but also as ice
nuclei (IN) increase latent heat release, increasing the convective updraft as well. Khain et al.
(2005) also argued this fact as a possible mechanism for increased aerosols increasing atmospheric
warming. The study also noted that increased cloud duration with increased CCNs could be an
explanation of why there is a discrepancy between rain gauges and satellite precipitation estimates
over equatorial Africa as well as the noted increased convection and lightning activity in this region
(McCollum et al., 2000). Khain did state however that his research should not be used to evaluate
the effects of aerosols on precipitation as they consider the evolution of certain cloud types within a
range of thermodynamic conditions. Whether or not this could be applicable to the aerosols within
the SAL is plausible, but should be used with caution. This however has been naturally linked to the
SAL dust enhancing convection within developing tropical waves (Khain et al., 2005; Jenkins et al.,
2008).
Research into the climatology of tropical cloud clusters (TCCs), as defined in Hennon et al.
(2013), revealed a difference in minimum cloud top temperatures (T(b)) between developing and
non-developing TCCs with a mean difference of 2ᵒK. The authors utilized this way of measuring TCC
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intensity as other measures, i.e. TRMM (Tropical Rainfall Measuring Mission) reflectivity, wind
speed measurements, etc., were not easily and continuously attainable over any one basin let alone
globally. What is especially of note is that the Hennon et al. (2013, p. 3051) stated that T(b) “is
probably more indicative of a persistent upward mass flux rather than other harder-to-measure
indicators...”. This tied in perfectly with previous studies, i.e. Khain et al. (2005), stating that
increased convection leads to higher cloud top heights. One limitation of measuring correlation
between dust loading and convective strength found is that increased SSTs lead to an upward shift
in altitude of convection and thus inherently leads to cooler cloud top temperatures (Tompkins &
Craig, 1999). This must be taken into consideration when attributing increased convection to dust
loading.
1.7 SAL Conclusion
While some studies that have shown the negative impact of the SAL on the development of
TCs in the tropical North Atlantic, other studies demonstrated the SAL’s positive influence on TC
development (Braun, 2010; Dunion & Velden, 2004; Evan et al., 2006a; Karyampudi & Carlson,
1988; Karyampudi & Pierce, 2002; Shu & Wu, 2009; Sun et al., 2008; Sun et al., 2009). When taken
as a whole, the SAL has demonstrated numerous dynamical influences over much, if not all, of the
tropical North Atlantic including; enhancing the AEJ via an increased temperature gradient,
producing background cyclonic vorticity for developing tropical disturbances, increasing vertical
wind shear, a temperature inversion causing a stabilizing effect, enhancing baroclinic instability,
dry air entrainment into TCs, and altering the cloud microphysics with dust acting as CCNs and INs.
What has been noted on more than one occasion however is the unknown indirect effect the
dust may have on the development of TCs, despite the demonstrated negative correlation between
dust activity and TC activity (Evan et al., 2006a). African dust has been shown to act as CCNs and IN
within Eastern Atlantic clouds (Twohy & Anderson, 2008; Twohy et al., 2009), possibly leading to
enhanced convection within developing TCs in this region (Jenkins et al., 2008; Khain et al., 2005).
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Further, increased convection leads to higher and colder cloud tops with lower T(b) (Hennon et al.,
2013). Whether or not the dust within the SAL has more of a positive influence than negative
influence on the development of TCs, the role of the SAL remains increasingly dynamic.
1.8 Purpose
This study explored the relationship between dust loading within the SAL and TPW, as well
as the relationship between dust loading and infrared (IR) brightness temperatures within TCCs.
This study answered the following research questions:
1/ Does increased dust loading within the SAL lead to an increase or decrease in mixing between
the SAL and the moist marine boundary layer beneath it?
2/ Does increased dust loading lead to greater convective strength within TCCs, detectable by
higher IR brightnesses?
1.9 Hypothesis
Hypothesis 1: Increased mixing between the SAL and the moist marine boundary layer will
produce higher TPW amounts. This will be evident within the TPW dataset.
Hypothesis 2: Given that increased amounts of CCNs have been correlated to greater
convection and stronger updrafts (Khain et al., 2005; Jenkins et al., 2008), it was hypothesized that
increased dust loading will lead to higher IR brightness’s (lower cloud top temperatures) within
TCCs. However, dry air and shear can inhibit this enhanced convection, leading to no correlation or
even a negative correlation. This will be accomplished by researching the correlation between
aerosol optical thicknesses in the Evan dataset (Evan et al., 2006a) and the IR brightness’s within
the Hennon dataset (Hennon et al., 2013).
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2.0 Methodology
The methodology for analyzing the relationship between dust loading within the SAL with
TPW and IR Brightness within TCCs is as follows:
2.1 Study Area
The study area (see Figure 2) was focused on the area defined by the Aerosol Optical
Thickness (AOT) dataset, which extends from 0ᵒ – 30ᵒN and 10ᵒ – 65ᵒW. This study area stretches
over much of the MDR. The MDR breeds the majority of North Atlantic TCs and has generally been
accepted to stretch from the Cape Verde islands off the west coast of Africa to the Lesser Antilles, as
defined earlier. The study area covered all of the MDR as defined by Saunders and Harris (1997).

Figure 2: Study Area: The study area pertains to the region outlined in black, while the Main Development Region
(MDR) pertains to the area outlined in orange.
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The study area was also synonymous with the emergence of AEWs, and what has been
widely cited in the tropical meteorological field as ‘Cape Verde’ season. During the months of
August and September when SSTs become warm enough over the Eastern Atlantic, TCs have been
known to frequently originate nearby the Cape Verde islands and travel west across the MDR. A
large number of the most intense North Atlantic TCs on record have been known to originate from
this location. The area is also ripe for interaction between AEWs and the SAL, as was recently
observed with Hurricane Fred (2015) which was a rare hurricane to have impacted the Cape Verde
Islands. Its track took it directly into a fresh SAL outbreak off the Mauritanian coast.
2.2 Datasets
Three datasets were utilized in this study including: AOT ranging from January 1982 – May
2010, TPW ranging from January 1988 - Present, and TCC observations ranging from 1982 – 2009.
AOT, as in the Evan et al. (2010) study, used satellite-based estimates of aerosol optical
thickness over the North Atlantic from 0ᵒ – 30ᵒN and 10ᵒ – 65ᵒW at a 1ᵒx1ᵒ horizontal resolution,
and represents the fraction of each cell covered by optically thick dust. These data originate from
the AVHRR Pathfinder Extended dataset (PATMOS-x). These data have been shown to correlate
well with optical depth measured from the Aerosol Robotic Network (AERONET) and thus can be
relied upon as a dependable dataset (Evan et al., 2006b).
TPW retrieved from the Remote Sensing Systems (RSS) is constructed from the RSS
Version-7 microwave radiometer total columnar water vapor values. It is a monthly average of
TPW covering all oceanic areas on Earth at a 1ᵒ x 1ᵒ resolution. These values originate from several
satellite radiometers; SSM/I F08 – F15, SSMIS F16 and F17, AMSR-E, and WindSat and have been
inter-calibrated at the brightness temperature level with the V7 ocean products having been
produced using a consistent processing methodology for all sensors. To avoid data quality issues
the development of these data have excluded grid cells approximate to land and ice which has been
shown to affect the number of data averaged into each grid cell. Small-island radiosonde
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measurements and ground-based GPS water vapor measurements compared with these data
demonstrate rms error of ~1.0mm. These data have been made available for outside users courtesy
of the NASA MEaSUREs project (REMSS). For purposes of this study, these data were trimmed down
to the above mentioned study area size of 0ᵒ – 30ᵒN and 10ᵒ – 65ᵒW.
TPW is a measure of total columnar moisture from the surface to the top of the atmosphere.
It has also been shown that ~90 – 95% of atmospheric moisture in this column is below 500 hPa,
which works well with the goals of this study as the SAL’s dryness is between ~850 – 500 hPa
(Dunion, 2011). Although TPW values are for the entire depth of the atmosphere, educated
judgements can be made on whether there is mixing between the SAL and the moist marine
boundary layer with detectable changes in TPW values.
TCCs have been defined by Hennon et al. (2013) to be areas of sustained convection over
warm tropical waters. These data were constructed from GridSat (Knapp et al., 2011) and IBTrACS
(Knapp et al., 2010). Hennon’s dataset combines satellite derived infrared brightness
measurements to identify TCCs in all TC basins, and confirms those that develop with the IBTrACS
dataset. During the process of TCC identification, independence, a minimum size threshold, land
location, and persistence are used to exclude false TCCs. These qualifications are meant to ensure
each TCC is unique to itself and not melded with another area of convection, that the TCC was not of
non-tropical origin over land, and to determine that the TCC was not a short-lived isolated area of
convection. Table 1 gives the brightness threshold over each tropical basin used in Hennon et al.
(2011). These thresholds mark the temperature that cloud tops of a TCC need to be at in order to be
counted. Different thresholds for different basins were given by Hennon et al. (2011) due to
differing SSTs and thermodynamic profiles in each basin (Hennon et al. 2011). Many variables are
included to give a sense of convective strength including: t_min (cloud-top temperature derived
from minimum IR Brightness, planned to be used in this study), t_5per (5th percentile IR brightness
temperature), t_10per (10th percentile IR brightness temperature), and rad_avg (average distance
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from the center fix of TCC around azimuth, generally a good indication of size) (Hennon et al.,
2011).
Table 1: Brightness Temperature (Tb) threshold by basin used in Hennon et al. (2011) to identify Tropical Cloud
Clusters (TCCs).

Basin

Threshold (K)

North Atlantic

224

South Atlantic

227

East Pacific

228

South Pacific

221

West Pacific

219

North Indian

218

South Indian

221

2.3 Exclusions
A correlation between TPW and AOT was performed to determine whether or not dust
loading within the SAL has any effect on the mixing between the SAL and the moist marine
boundary layer beneath it. For this correlation study, the differing timescales between these
datasets required the years 1988 – 2009 to be utilized from the AOT and TPW datasets. Although
the AOT dataset extends to 2010, it only extends to May 2010, which does not include the tropical
North Atlantic hurricane season for that year. A further time exclusion was made on a monthly
basis as the SAL generally occurs from late spring through early fall (Dunion & Velden, 2004).
Therefore the months used in the correlational study between TPW and AOT was June through
October. The AOT dataset, as mentioned previously, covers a region between 0ᵒ – 30ᵒN and 10ᵒ –
65ᵒW. Therefore the TPW dataset was trimmed to match this geographic area.
Exclusions for the TCC dataset were limited to only using those clusters identified as being
within the bounds of the geographic coverage of the AOT dataset, i.e. between 0ᵒ – 30ᵒN and 10ᵒ –
65ᵒW. Clusters that formed within and then moved out of this area were still used, but only to the
point at which they crossed outside the study area. Also, as the AOT exclusion only used months
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from June to October, only TCCs from these months were utilized as well. TCCs that were found
over land were also excluded as the AOT and TPW datasets did not extend over land. The terms
TCCs and AEWs may be used interchangeably as both are describing developing or already
developed tropical systems over the study area.
2.4 Analysis
2.4.1 AOT vs. TPW
After performing the data exclusions described above, a correlation study between AOT and
TPW was completed by importing the gridded map data into the R statistical analysis program.
These data were constructed into matrices to be used in a de-trended least-squares analysis.
2.4.2 AOT vs. IR Brightness (t-min)
These two datasets are on two different temporal scales, with the AOT measured on a
monthly basis, and IR Brightness every 3 hours. For each respective month, the study area was
divided into 2ᵒx2ᵒ grid-boxes. In each grid-box area, t-mins of TCCs that pass through the grid-box
area for that month were averaged together to give one value for that grid-box for that month. This
was done across the entire study area, with those areas not observing any TCCs given a value for
no-data to be inputted into the correlation matrix.
The grid-box method was also helpful in reducing noise within the t-min dataset. The
convective diurnal cycle for instance could contribute noise within these data. By creating a
monthly average within a defined grid-box, much of this noise was filtered out.
After these data were brought onto the same temporal scale, a similar method of importing
the gridded map data into the R statistical analysis program was done. Here, correlation matrices
were constructed in order to be used in a de-trended least-squares analysis.
2.4.3 AOT vs. TCC: A GIS Analysis
The relationship between AOT and t-min changes throughout the hurricane season. The
SAL’s strength does vary over the course of the year, and Cape Verde season in August and
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September does not necessarily match up with the height of the SAL’s intensity in June and July
(Carlson & Prospero, 1972; Dunion, 2011). Does this seasonal variation affect this relationship? Will
it change depending on which month is being analyzed? Therefore, it was determined that a
regression analysis on the entire dataset of cloud top temperatures and AOT would not reveal any
seasonal shifts in the relationship between AOT and t-min.
These questions were addressed using ArcMap, Geographic Information software
developed by ESRI. Geoprocessing and Python programming were implemented in developing a
python script tool within ArcMap that performed a regression analysis over each individual month
from June – October. Again, to reduce the amount of noise in the t-min dataset, grid boxes were
used, where the average t-min for any grid box was used to correlate against AOT. This time
however, AOT was also averaged over the same grid box. A unique attribute of this script tool was
the ability to change the size of the grid boxes used, to see which size would produce the most
robust statistics (e.g. 2ᵒx2ᵒ or 3ᵒx3ᵒ). The python script tool joined both the t-min and AOT
shapefiles into one shapefile, allowing for both to be side-by-side in the same attribute table. The
Ordinary Least Squares Spatial Statistics Tool needs both variables to be in the same attribute table
in order to run. One run of the script tool performed this regression analysis of all five months,
greatly conserving time in the analysis. Applicable power transformations were applied to the AOT
datasets as is described below in section 3.5.
Data management involved assigning latitude and longitude coordinates to every data point
within the AOT and t-min datasets, 1650 points for AOT per year, and the number of points for tmin dependent upon the number of storm observations recorded that year. After assigning latitude
and longitude coordinates for the years 2000 - 2009, it was determined a sufficient sample size had
been reached. This is evident by the smallest number of model observations being 165 for the
month of June. Extending this GIS dataset back to 1982 could further enhance the regression
results.
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3.0 Results
3.1 AOT vs. TPW 1988 – 2009
3.1.1 AOT vs. TPW Variable Analysis
The AOT dataset was correlated with TPW from 1988 – 2009 over the months of June –
October. In order to perform this correlation, and all subsequent correlations for the rest of this
study, power transformations were applied to the datasets to give a normal distribution of the data.
Equation 1 shows the structure of the power transformation. In the statistical package R, a
command suggesting the appropriate value for λ was used in all transformations. Once the
transformation was performed, the data were visually inspected to determine if it was normally
distributed.
xλ – 1
λ

(1)

In this case, AOT demonstrated a very intense positive skew as shown in Figure 3. A power
transformation with λ=0.25 gave the most normal distribution of AOT as seen in Figure 4. The AOT
dataset had a large number of observations of 0.00, which do not allow for some transformations to
done, including power transformations. Because of this, all 0.00 observations were set to ‘NaN’
within the AOT dataset.
The TPW dataset spans from 1988 – 2009, and displayed a somewhat positive skew as shown in
Figure 5. Another power transformation with λ =1.5 gave a somewhat better normalization, but still
with a slight positive skew (see Figure 6). Notable are two peaks within data (~40 mm and ~50
mm) which could be attributed to uneven seasonal and geographical variations of TPW over the
study area. These seasonal and geographic variations of TPW could be the signs of the different
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airmasses across the tropical North Atlantic described by Dunion (2011); SAL, MT and MLDAIs.
Undoubtedly, this contributed noise to these data.

Figure 3: AOT from 1988 – 2009, used in the AOT v TPW regression analysis.

Figure 4: Power Transformed AOT with λ=0.25.

3.1.2 AOT vs. TPW Regression Analysis
Both the AOT and TPW datasets were imported into the statistical package ‘R’ from comma
delimited files, or .csv. They were converted to matrices, then to vectors, and finally imported into a
single data frame. This process ensured both datasets remained in temporal and geographic sync
with each other.

26

Figure 5: Total Precipitable Water observations from 1988 – 2009.

Figure 6: Power transformed TPW dataset with λ=1.5.

Once the data frame was set, a regression analysis was run, showing a negative correlation
of TPW with AOT. The model had 144,293 matched observations with a very low adjusted rsquared, which shows the model has considerable unexplained variance. Despite the low r-squared
value of 0.005, the model still displayed a confidence level of p < 0.001, undoubtedly due to the
large number of observations.

27

Table 2: Regression Model results for TPW vs AOT. *** significant at p < 0.001

Dep v Ind

Corr. Coeff.

Stand. Err.

Deg. of Freedom

Adj. R2

PT λ value

TPW v AOT

-5.82***

0.22

144292

0.005

TPW = 1.5
AOT = 0.25

3.2 Monthly Analysis of AOT vs. TPW
Because of the variability of TPW both seasonally and geographically, a significant amount
of noise is present within these data. The first run of a regression model between TPW and AOT in
section 3.1 returned significant results back despite this noise. This is mainly due to the very large
number of observations. Despite this, it was prudent to return to this relationship and analyze it in
a more seasonal manner to reveal how the relationship between these two evolve as the hurricane
season progresses.
Each month June – October, was correlated separately with the TPW data. For example, the
first data subset sampled all Junes 1988 – 2009. The second sampled all Julys 1988 – 2009, and so
on to October. The next step looked spatially at TPW across the study area. Regardless of the month,
TPW ranges from lower values, ~25 – 35 mm from 25ᵒN – 30ᵒN, and from ~45 – 60 mm within the
ITCZ. The latitudinal axis of the ITCZ also migrates meridionally throughout the season, which will
change the latitudinal placement of these values dependent upon the month being observed.
To reduce the noise from the spatial variability, three 4ᵒx4ᵒ grid boxes were placed in the
study area. These grid boxes were placed in a manner to sample different latitudinal sections, and
were aptly named Top, Mid (Middle), and Bot (Bottom). Their geographic extents can be seen in
Table 3. In each month subset, the original 1ᵒx1ᵒ resolution data for TPW and AOT was trimmed to
these boxes. Regression models were run individually on each box, for each separate month. For
example, the June 1988 – 2009 Top box is one regression model, the June Mid box is a second
model, the June Bot box is a third model, and this is repeated for July - October.
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Table 3: Geographic extent of grid boxes placed over the study area for TPW and AOT.

Geographic Extents of Grid Boxes
Top

Mid

Bot

23ᵒN - 26ᵒN

13ᵒN - 16ᵒN

5ᵒN - 8ᵒN

34ᵒW - 37ᵒW

34ᵒW - 37ᵒW

34ᵒW - 37ᵒW

Figure 7: Locations of grid-boxes where TPW and AOT data were extracted for a month-by-month regression
analysis. For each month, these three grid-boxes were the source location for each unique regression model
between TPW and AOT.

These data were imported into a data visualization software called Panoply where the
numerical values could be viewed in their original 1ᵒx1ᵒ resolution. From here the data was
transferred from their respective grid boxes over to a .csv format. In much the same way the
previous TPW vs AOT regression model was managed in section 3.1, these data were then imported
into the statistical analysis program, R, as a data frame.
For each month there are three 4ᵒx4ᵒ grid boxes, with five months, totaling 15 unique
regression models. On most occasions, multiple model runs were done to ensure quality of the final
model. This was accomplished either through data transformations or outlier removal. On four
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occasions, two models were chosen for that month to either provide differing perspectives or to
demonstrate the effect of outliers on the model. In most cases, even if there were outliers, their
small amount of leverage was not enough to justify removal; or it was determined that even with
their removal, the regression model would not improve enough to reveal any statistical
significance.
For each model, TPW and AOT were tested for normality through the visual inspection of a
histogram graph display within R. If the data displayed a negative or positive skew, the ‘Power
Transform’ command from the car package was used to estimate a value for λ as was described in
section 3.1.
In some instances, it was determined that the data was normally distributed but had a
positive or negative tail of outliers. These outliers were removed from the dataset instead of
applying a transformation in order to give normally distributed data to the dataset.
After an initial regression model was run, outliers were tested for leverage and error. This
was accomplished within R using a command known as the ‘Influence Index Plot’, which displays
cook’s distance, studentized residuals, bonferroni p-values, and hat-values. If the observation had a
large hat-value and cook’s distance, then it was considered for removal. In some instances like the
July-Bot model, the removal of 4 observations due to high hat-values and Cook’s distance actually
lowered the confidence of the model from p < 0.001 to p > 0.1. It also reduced the correlation
coefficient closer to zero, thus turning what was originally a significant negative correlation
between TPW and AOT to what could be considered no correlation at all. In other cases, the
removal of outliers improved the significance of the results. The results of all models, including the
correlation coefficient, standard error, degrees of freedom, adjusted r-squared, p-value and
transformation performed are displayed in Table 4.
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Table 4: Regression model results for TPW vs AOT Monthly Analysis, where the PT λ value column shows the
value for λ used in the Power Transformation equation in Section 3.1.1. * significant at p < 0.05, ** significant at
p < 0.01, *** significant at p < 0.001

Ind vs. Dep

Corr. Coeff.

Stand. Error

Deg. Of Freedom Adj. R^2

PT λ value

Jun-Top

-3.80E-01

6.51E-01

301

2.19E-03

AOT = 0.5

Jul-Top

-1.43E-01

5.28E-01

350

2.65E-03

AOT= 0.5

Aug-Top

6.99E-01

6.44E-01

349

5.05E-04

AOT = 0.5

Aug-Top 2

2.41E-01

6.82E-01

344

2.54E-03

AOT = 0.5

Sep-Top

9.43E+05***

1.56E+05

338

9.53E-02

TPW = 4.5,
AOT = 0.5

Oct-Top

-1.80E+00***

4.66E-01

219

5.97E-02

AOT = 0.25

Jun-Mid

2.05E+00*

1.01E+00

350

9.03E-03

Jul-Mid

1.45E-02

3.22E-01

350

2.85E-03

AOT = 0.5

Aug-Mid

1.09E+00

1.03E+00

350

2.92E-04

AOT = 0.25

Sep-Mid

-4.02E+00*

1.77E+00

350

1.18E-02

Oct-Mid

8.18E+00***

2.22E+01

339

3.55E-02

Jun-Bot

-4.40E+00***

3.08E-01

348

3.69E-01

Jun-Bot 2

-5.05E+07***

3.34E+06

348

3.95E-01

TPW = 5,
AOT = 0.5

Jul-Bot

-1.84E+15*

7.65E+14

349

1.34E-02

TPW = 10,
AOT = 0.25

Jul-Bot 2

-1.26E+15

8.35E+14

345

3.71E-03

TPW = 10,
AOT = 0.25

Aug-Bot

-1.58E+11*

4.29E+10

335

3.62E-02

TPW = 7

Aug-Bot 2

-4.45E+10*

1.26E+10

348

3.19E-02

TPW = 7,
AOT = 0.5

Sep-Bot

2.13E+00*

5.42E-01

343

4.03E-02

AOT = 0.5

Oct-Bot

-1.80E+12**

6.37E+11

279

2.44E-02

TPW = 8,
AOT = 0.5
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3.3 AOT vs. IR Brightness 1982 – 2009
3.3.1 AOT Dataset Analysis
For this regression analysis, AOT was extended back to 1982 as the IR Brightness dataset
also extended back to 1982. The AOT dataset displayed a strong positive skew again (see Figure 8).
It was determined that a power transform where λ=0.25 would give the best normal distribution as
seen in Figure 9. The AOT dataset had a large number of observations of 0.00, which do not allow
for some transformations to done, including power transformations. Because of this, all 0.00
observations were set to ‘NaN’ within the AOT dataset as was done when AOT was correlated with
TPW. There were no observations found to be as outliers or data entry errors that needed to be
removed after the power transformation was performed.

Figure 8: AOT 1982-2009 displaying strong positive skew throughout the dataset.

Figure 9: Power Transformation of AOT producing a normal distribution.
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3.3.2 IR Brightness (t-min) Dataset Analysis
Initially the analysis of the t-min dataset, revealed two observation errors, these
observations being 20.37K, and 2074K. These two temperatures are not reasonable observations
for this research, and were thus deemed to be manual input errors. Due to the range of data being
~180 – 215K, these two observations were reasonably assumed to be 203.7K and 207.4K, and were
corrected as such.
After correcting the observations errors, the t-min dataset showed a very normal
distribution as seen in Figure 10 below. A few outliers exist showing far colder cloud top
temperatures. These outliers are far from the normal distribution, and well below the 1st quartile as
shown in the boxplot graph in Figure 11. The observations below 180K are either very rare to
occur, or represent errors in measurement as is surely the case with the observation at ~127K. As
these cases are at best questionable, they are not reliable either and were thus removed from the tmin dataset.

Figure 10: Cloud Top Temps derived from IR Brightness.
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Figure 11: Cloud Top Temps showing outliers below 180K.

3.3.3 AOT vs. t-min Regression Analysis
After analysis of AOT and TCC datasets, each were imported from a comma-delimited file in
the Statistical Analysis Package ‘R’. Here, as was done with the AOT and TPW datasets from 1988 –
2009, the two datasets were imported originally as matrices, then converted to vector formats and
finally brought together into the same data frame. This method again ensured both AOT and t-min
remained temporally and spatially matched with each other. At this point, it could be seen that each
dataset consisted of 226,800 observations. This includes all data points before outlier removal, NaN
values, and removal of 0.00 AOT observations that allowed for the power transformation described
in section 3.2.1. With each variable individually analyzed, a linear regression model was run
between t-min and AOT. The results shown in Table 5 display a significant negative correlation
between t-min and AOT at a confidence level of p < 0.001, coupled with a low adjusted r-squared
value of 0.01. Out of the original 226,800 observations, 30,622 were geographically matched
together for the correlation. In other words, they occurred in the same 2ᵒx2ᵒ grid box. The
remaining observations did not have data in either the t-min or AOT datasets, and thus could not be
correlated together.
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Table 5: Regression Analysis Results for t-min against AOT, where PT stands for Power Transformation. ***
significant at p < 0.001

Dep v Ind

Corr. Coeff.

Stand. Err.

Deg. of Freedom

Adj. R2

PT λ value

t-min v AOT

-0.82***

0.05

30620

0.01

AOT = 0.25

3.4 T-min vs. AOT with TPW 1988 – 2009
Due to the very low adjusted r-squared in the regression model of t-min v AOT, it was
determined that including an extra explanatory variable could help improve the model. This first
regression model held t-min as the dependent variable, and AOT and TPW as the explanatory
independent variables. The transformed versions of AOT and TPW from the TPW vs AOT regression
model described in 3.1 were collected with a subset of the original t-min dataset stretching from
1988 – 2009. Each dataset had already been imported into the R-statistical package and were
joined into a new data frame together. As was done with t-min in section 3.2.2, all unreliable
observations below 180K were removed.
At this point a new regression model was run with significant negative correlations
between t-min and AOT, and t-min and TPW. The adjusted r-squared remained very low at 0.067,
despite the model being significant at a confidence level of p < 0.001. It is interesting to note that
the correlation between t-min and TPW is much lower than the correlation between t-min and AOT.
This may suggest that TPW has a far lesser role in the convective strength of TCCs than AOT, or it
may be due to there being low variability in TPW solely within TCCs as compared to the variability
in TPW over the entire study area.
Table 6: Regression model results for t-min vs TPW and AOT. *** significant at p < 0.001

Indep.

Corr. Coeff. Stand. Err.

Deg. of Freedom

Adj. R2

PT λ value

TPW

-0.03***

7.60E-4

23797

0.067

TPW = 1.5

AOT

-0.73***

0.05

23797

0.067

AOT = 0.25
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3.5 T-min vs. AOT: A GIS Perspective
The GIS analysis revealed stronger correlations between t-min and AOT with each month’s
correlation coefficient being substantially larger than the overall correlation coefficient found in
section 3.3.3. All regression models were significant at a confidence level of p < 0.001. Each month
even displayed a higher adjusted r-squared than the overall regression model, although still quite
low to explain the variance seen. This unexplained variance is demonstrated in the Figures 12 and
13 maps displaying the differences between the estimated cloud-top temperatures retrieved from
the OLS regression model and the actual observed cloud-top temperatures for the month of
September. The same can be seen for every month in Figure 14 depicting the results garnered from
the GIS OLS regression models showing dataset distribution and scatterplots for t-min vs AOT.
Something to note about the variance observed in the Figure 13 is the transition of cloud top
temperatures across the tropical North Atlantic. Higher cloud tops are observed close to the west
African coast, with warmer temperatures mid-way to the Caribbean, and a mixture west of that and
just east of the Lesser Antilles. This may be indicative of a generalized growth pattern of AEWs,
with initially strong convection close to Africa. After emergence, it encounters less conducive
conditions for development, then after that point the system either strengthens or struggles. Is this
a sign of the variable interaction the SAL has on AEWs?
Table 7: Regression model results found using the Ordinary Least Squares Tool within ArcGIS. * significant at
p < 0.05, ** significant at p < 0.01, *** significant at p < 0.001

Month Corr. Coeff.

Std. Err.

Deg. of Freedom Adj. R2

PT λ value

Jun

-7.45***

1.89

176

0.08

AOT = 0.5

Jul

-8.91***

1.97

164

0.11

AOT = 0.5

Aug

-7.35**

1.63

194

0.09

AOT = 0.5

Sep

-10.01***

1.35

231

0.19

AOT = 0.25

Oct

-8.22***

1.25

254

0.14

AOT = 0.25
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Figure 12: Cloud top temperatures retrieved from OLS Regression Analysis in ArcGIS. This map demonstrates the
lack of variability in estimated cloud top temperatures in the regression model.

Figure 13: Demonstrating the variability in cloud top temperatures across the study area.
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Figure 14: OLS results garnered from GIS geoprocessing for June – October. Each box represents the labeled
month showing AOT and t-min distribution, as well as a scatterplot of t-min vs AOT.
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4.0 Discussion
4.1 TPW vs. AOT Discussion
The first question of this study focused on the observations of Carlson and Prospero (1972)
and Twohy et al. (2009) that dust from the SAL precipitating down into the moist marine boundary
layer would cause mixing between the SAL and the boundary layer. Since it has been shown that the
dust can act as CCNs and increase the convection within developing TCs, it was thought that this
mixing would be measureable via a change in TPW values (Khain et al, 2005, Jenkins et al., 2008,
Twohy & Anderson, 2008).
The first regression analysis with TPW dependent on AOT across the entire study area
revealed a negative correlation, meaning with increased (decreased) AOT came decreased
(increased) TPW amounts. This suggests that SAL dust precipitating into the moist marine
boundary layer does not promote mixing, and in fact suppresses it by instead acting to maintain the
suppressive characteristics of the SAL instead: dry air, temperature inversion at the SAL’s base,
enhanced wind shear from the SAL jet. Caveats with this result included high variation of TPW
across the study area with the other being the very low adjusted r-squared value of 0.005 showing
considerable variability in the regression model. The results were statistically significant, but to
better understandn this relationship, another regression was done to gain a better perspective of
this relationship.
The monthly analysis of TPW dependent on AOT revealed a changing relationship
dependent on the location within the study area and the month. The first initial difference observed
with this method of analysis was seen in the correlation of AOT and TPW from month to month and
from grid to grid. AOT was no longer necessarily positively skewed, and at times in the Mid and Bot
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grid-boxes, AOT displayed a normal distribution showing a much better sampling of these data. The
same was true for TPW which originally displayed a two-hump distribution similar to the annual
North Atlantic hurricane activity graph displaying a second peak in October. In most cases for the
Top and Mid grid-boxes TPW displayed a normal distribution. Only for the Bot boxes, was a power
transformation required for TPW, due mostly to the position of the ITCZ over those latitudes.
No significant correlation between TPW and AOT was found for the Top grid-boxes for the
months of June to August. This particular region of the study area between 23ᵒN – 26ᵒN does not
typically see TC activity, and so these analyses almost solely focused on the relationship between
the SAL and the moist marine boundary layer. The propagation of MLDAI’s into the study area could
also play a role into the Top grid boxes. These dry, dust free air masses could leave a positive
correlation between the AOT and TPW datasets by decreasing both at the same time. Statistically
significant correlations were found for September and October however. During the month of
September, TPW does increase with increasing dust suggesting there is mixing between the SAL
and boundary layer. This relationship is reversed for the month of October, and this could be
attributed to cooling SSTs over this region during the month of October acting to stabilize the
boundary layer. Typically SSTs are at their warmest during the months of August and September
over this region, and this could act to help destabilize the boundary layer and give it enough energy
to break the inversion at the base of the SAL. It is important to note that the adjusted r-squared
values which is an indication of the variance within the model were very low. So despite having a
statistically significant correlation for the months of the September and October, these results
should not solely be linked to dust precipitating into the boundary layer. The changing
environmental conditions, including SSTs, relative humidity, instability of the boundary layer, and
the introduction of MLDAI’s would play a large role in the TPW values measured in this region.
For the Mid grid-boxes, June, September and October resulted in statistically significant
correlations, while July and August did not. The months of July and August were the only two that
40

did require the AOT dataset to undergo a power transformation. Every month saw a normal
distribution in TPW. June begins the season showing a positive correlation with TPW increasing
with increasing AOT suggesting a mixing between the SAL and boundary layer. This relationship
shifts to a negative correlation for September and reverts back to a positive correlation for October.
This is the opposite result found for the Top grid-boxes. The continued difference in the correlation
for September may be a signal of the seasonal shift of the ITCZ over the course of the hurricane
season. During September, the Mid grid-box is in a transition zone from lower to higher values of
TPW as it is toward the northern edge of the ITCZ. As the ITCZ is further south during the months of
June and October, the Mid grid-box is no longer in this transition zone. This capturing of the
seasonal shift of this relationship is exactly what this method was trying to uncover, and here it has
succeeded. So while the ITCZ is south of this area during June and October, there may be mixing
between the SAL and the boundary layer. During September however as the ITCZ moves into this
area, TPW values decline as AOT increases, suggesting no mixture. The presence of the ITCZ would
affect this relationship as dry air intrusion from the SAL into the ITCZ could act to stabilize the
atmosphere there. The rising motion within the ITCZ shifting north during September, adjusts the
overall atmospheric circulation pattern and could be attributed to this shifting relationship
between TPW and AOT. As was the case with the Top grid-boxes, the Mid grid-boxes did not display
a particularly high adjusted r-squared, so it can be said that there are other parameters at play here.
The Bot grid-boxes are encompassed mostly by the ITCZ and may not sample the SAL all
that well. This being known, all months with the exception of September displayed a negative
correlation. July was the lone month that did not display a statistically significant correlation but
was trending with a p-value of 0.13. Each month also displayed low adjusted r-squared values,
again demonstrating that other parameters are at play. The main caveat remains the positioning of
the SAL and ITCZ for the Bot grid-boxes. The location of the Bot grid-box being between 5ᵒᵒN – 8ᵒN
is in the core of the ITCZ, and for the most part is south of the SAL. It is not inconceivable that
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Sahelian air and dust could be entrained into this region though. The findings do show that for
much of the season with the exception of September, TPW values decrease with an increase of AOT.
This, like with the Mid grid-boxes, suggests there is less mixing with the boundary layer. But
knowing the location of the grid-box, can we for certain say the SAL was located over these
latitudes?
4.2 T-min vs. AOT Discussion
Three different analysis were done to discover the correlation between t-min and AOT:
straight correlation between t-min and AOT over the entire dataset, correlation between t-min, AOT
and TPW, and a month-by-month correlation done using GIS geoprocessing tools. All three
perspectives revealed a negative correlation between t-min and AOT showing that colder cloud top
temperatures are associated with increased levels of dust. However, each type of analysis was also
accompanied with low adjusted r-squared values meaning there is plenty of variation in each
regression model that is left unexplained. Other variables including SSTs, vertical wind-shear,
relative humidity, etc., are playing contributing roles in the convective strength of TCCs that occur
over this region of the tropical North Atlantic. Despite this however, it is shown here that more
often than not, the dust from the SAL is correlated to increased convection with TCCs.
The first regression model correlating t-min with AOT over the entire dataset, does show a
weak correlation of -0.83. This indicates the general contribution of dust to convective strength
may not contribute to substantial convective enhancement. When including other unique
circumstances to any particular system, any enhancement the dust may have can be nullified, i.e. by
dry air entrainment suppressing convection or vertical wind shear, or the system moving over
cooler SSTs.
TPW does mathematically improve the adjusted r-squared of this regression model, but
statistically, its addition did not help explain the variance in the regression model. A further
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regression analysis that looks at smaller sections of the study area, and does so by month much in
the same way the analysis was performed between TPW and AOT in section 3.2 could improve this.
The analysis done through GIS geoprocessing performed the best in explaining the variance
in the regression, however it still remained low. Adjusted r-squared values here ranged between
0.08 – 0.19, much better than the previous analyses but still having plenty of room for improvement
through the inclusion of other parameters. Each month of the analysis did result in a negative
correlation between t-min and AOT. The number of observations climbs from 165 in July to 194 in
August, and to 231 and 254 for September and October respectively. This increase is congruent
with the increased activity seen with Cape Verde season. The months of September and October
performed the best with strong negative correlations, particularly September. This indicates that
the month of September may see the most interaction between AEWs and the SAL. The two months
where the SAL is at its seasonal peak, June and July, also show strong negative correlations, but with
lower number of interactions between AEWs and the SAL.
These three perspectives utilized monthly averages of AOT and correlated that with t-min
observations. It can be said that the convective strength of TCCs is generally correlated with
increased amounts of dust. However, any one unique tropical system in this region can encounter
numerous different conditions nullifying any enhancement dust could have on convection.
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5.0 Conclusion and Future Work
The SAL’s role in the development of AEWs has been studied now for several decades.
Originating with Carlson and Prospero’s 1972 paper that shone a light on the SAL, and evolving to
today’s understanding of a very complex and dynamic interaction with the development of AEWs, it
is clear the SAL will continue to be studied for years to come.
This study adds another piece to the puzzle, further analyzing the interplay between the
SAL and AEWs. It demonstrated through regression analysis the relationship dust has with mixing
in the moist marine boundary layer that underlays the SAL, as well as the negative correlation
between SAL dust and t-min (cloud-top temperatures). Using TPW as an indicator of mixing
between the SAL and the boundary layer, it is clear this mixing is variable dependent upon the time
and place over the study area. The Mid grid-box does show that mixing must overcome the strong
inversion at the base of SAL, and only does so during the month of September, possibly due to the
peak in SSTs during this month. The reversal of this relationship during the month of September
and October in the Top grid-boxes raises further intriguing questions about this relationship. Is the
shifting of the ITCZ throughout the summer the cause for this? Or could it be due to a multitude of
different contributors? The propagation of MLDAI’s into the study area could be one of those
factors, which certainly may be the case for June and July where no significant correlations are
found between AOT and TPW. The high amount of variance in the regression model results, as well
as the entire TPW dataset is very likely due to the differing air masses across the tropical North
Atlantic described by Dunion (2011). From the conclusions above, it is clear that the mixing
between the SAL and the boundary layer is affected by varying components of a very dynamic
puzzle. Whether it be controlled in large part by seasonal timing, geographical positioning, dust
44

amounts, the propagation of MLDAI and MT air masses or some unique combination of these
components, it is clear that this relationship is very dynamic and unique to each situation. Future
work that includes grid boxes both closer to the west coast of Africa that can better sample SAL air
masses, and to the northwest portions of the study area to better sample MLDAI’s could reveal
more to this story.
As for the enhancement of convection within TCCs from dust acting as CCNs, further
analysis on a case-by-case basis would be able to help explain the variance found in the regression
models of this study. As has been demonstrated twice here, a month by month analysis produced
more robust regression results. Taking this approach and collecting TCCs that occurred in the same
month together, those of equivalent intensity, and collecting the AOT values at the specific time and
place where the system occurred, would reveal a stronger correlation between t-min and dust. It
would remove any caveats remaining from using monthly averages where higher dust
concentrations could have occurred at a different time of month from when a particular TCC
occurred.
The direct correlation between AOT and t-min demonstrated here may simply be a result of
strong AEWs moving off Africa alongside strong SAL outbreaks. But why exactly do observations
show areas of stronger convection present along the SAL’s western and southern boundaries, and
why are AEWs with stronger convection typically immediately preceding or following a SAL
outbreak (Dunion & Velden, 2004). Is this stronger convection truly due to dust loading within the
SAL, or is it simply a matter of the right place and the right time?
It is clear here that there is a correlated enhancement of convection with the presence of
dust. However, the question of whether this dust is having a direct enhancing effect on convection
remains. There are sure signs that point to this conclusion, with the higher amounts of dust found in
eastern Atlantic clouds (Twohy et al, 2009), and dust being shown to enhance convection through
increased latent heat release within convective updrafts. However, could another variable also
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explain this enhanced convection? It is evident in the map of observed September cloud top
temperatures in Figure 13 that colder cloud tops occur close to the African coast where AEWs first
emerge. Are these colder cloud tops a remnant of a stronger convective strength when the system
was over land, or is it in fact due to dust acting as CCNs enhancing convection? Could it be due to
the strong temperature gradient between the SAL and the ITCZ, or could the presence of the African
Easterly Jet enhance vorticity of the system? These questions aside, this study adds a further piece
to this dynamic and interwoven meteorological enigma, and has added further direction for study.
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